ABSTRACT: Tyrosine phenol-lyase (EC 4.1.99.2) from Citrobacter freundii has been cloned and the primary sequence deduced from the DNA sequence. From the BrCN digest of the NaBH4-reduced holoenzyme, five peptides were purified and sequenced. The amino acid sequences of the peptides agreed with the corresponding parts of the tyrosine phenol-lyase sequence obtained from the gene structure. K257 is the pyridoxal 5'-phosphate binding residue. Assisted by the sequence data, the crystal structure of apotyrosine phenol-lyase, a pyridoxal 5'-phosphate-dependent enzyme, has been refined to an R-factor of 16.2% at 2.3-%L resolution using synchrotron radiation diffraction data. The tetrameric molecule has 222 symmetry, with one of the axes coincident with the cr stallographic 2-fold symmetry axis of the crystal which belongs to the space group P2,212 with a = 76.0 l, b = 138.3 A, and c = 93.5 A. Each subunit comprises 14 a-helices and 16 &strands, which fold into a small and a large domain. The coenzyme-binding lysine residue is located at the interface between the large and small domains of one subunit and the large domain of a crystallographically related subunit. The fold of the large, pyridoxal 5'-phosphate binding domain and the location of the active site are similar to that found in aminotransferases. Most of the residues which participate in binding of pyridoxal 5'-phosphate in aminotransferases are conserved in the structure of tyrosine phenol-lyase. Two dimers of tyrosine phenol-lyase, each of which has a domain architecture similar to that found in aspartate aminotransferases, are bound together through a hydrophobic cluster in the center of the molecule and intertwined N-terminal arms. 
(1991)] from different sources, beginning with the determination of the three-dimensional structure of chicken mitochondrial (Ford et al., 1980) , chicken cytosolic (Borisov et al., 1980 ; Harutyunyan et al., 1982) , and pig cytosolic (Arnone et al., 1985) aspartateaminotransferase (AspAT). Eachactive site of the a 2 molecule of AspAT is composed of residues from both the large and small domains of one subunit and the large domain of the other subunit. The active site residues are invariant in AspAT from different sources (Kondo et al., 1987) , including bacterial and mammalian enzymes. In the threedimensional structure of the a& molecule of Salmonella typhimurium tryptophan synthase (Hyde et al., 1988) , in which the &dimer catalyzes the &replacement reaction, the active sites of the two #? subunits are quite distant, and residues from one 6 subunit do not contribute to the active site of the other. Determination of the three-dimensional structures of 8-eliminating lyases is in progress: crystals of tyrosine phenollyase (TPL) (Demidkina et al., 1988 ) and a related enzyme, tryptophan indole-lyase (tryptophanase, TRPase; EC 4.1.99.1) (Kawata et al., 1991) , suitable for X-ray analysis have been obtained.
Early difficulties in the solution of the three-dimensional structure of TPL were mainly due to instability of the crystals to X-irradiation and to the absence of primary sequence information. The data collection problem has been solved by using synchrotron radiation at short wavelength. The determination of the primary sequence of TPL from Citrobacter freundii greatly accelerated the progress of three-dimensional model building. The course of the polypeptide chain and the subunit topology of TPL were described previously on the basis of a preliminary atomic model of the enzyme (Antson et al., 1992) . It was shown that the domain architecture in the TPL dimer formed by the crystallographically related subunits and the topology of the large domain are analogous to those in the a2 molecule of aspartate aminotransferase (AspAT) and quite different from those found in the ,&-dimer of the a& moleculeof tryptophan synthase. Recently, phases were improved to allow the construction of a model sufficiently good for least-squares refinement to be carried out. The threedimensional structure of the apoenzyme of TPL is reported here at a resolution of 2.3 A, together with the determination of the DNA sequence of the tpl gene from C. freundii, deduction of the primary amino acid sequence, and location of the PLP-binding lysine.
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MATERIALS AND METHODS
Purification of TPL from C. freundii (ATCC 29063) and Citrobacter intermedius was achieved by a modification of published procedures (Carman & Levin, 1977; Demidkina, 1984) , with the introduction of hydrophobic chromatography on Octyl-Sepharose CL-4B as the key step . The purified enzyme was a single band on SDSpolyacrylamide gels with an approximate molecular mass of 46 kDa (data not shown). The sequence of the first 17 amino acids from the amino terminus of C. freundii TPL was determined by automated Edman degradation, and the sequence obtained is indicated by underlining in the complete sequence in Figure 1 .
Cloning the tpl gene from C. freundii was accomplished using a genomic library constructed in XZAP I1 (Stratagene). The library was packaged into X using Gigapack (Stratagene) and then plated on BB4 Escherichia coli host cells. The library was screened by plaque hybridization (Benton & Davis, 1977) using a degenerate oligonucleotide probe (oligo 850) for the tpl gene on the basis of the N-terminal amino acid sequence (Figure 1 ) that had been 32P-end-labeled using polynucleotide kinaseand [ Y -~~P I A T P (Sambrooket al., 1989) . Five positive clones were obtained, containing inserts ranging from 600 to 6000 kb. The pBlueScript plasmid from each was excised in vivo using R408 helper phage and E. coli XL1 Blue (Stratagene). The presenceof the start of the tplcoding region on each plasmid was confirmed by DNA sequencing using oligo 850 as the primer.
Extracts fromE. coliSVS370 [W3 110 bglR551 A(trpEA)2 tna270:: Tn5] transformed with each plasmid were tested for TPL activity using an assay based on cleavage of S-(0- nitropheny1)-L-cysteine (Phillips, 1987) . Extracts from cells containing pTPL6B and pTPL2A contained significant TPL activity. These plasmids contained 4-and 6-kbp inserts, respectively. Extracts from cells transformed with pTPL2A consistently contained higher levels of TPL activity than those from pTPL6B. We therefore chose to characterize the tpl gene from pTPL2A.
Mapping the tpl Gene within the Cloned Fragment. The tpl gene within the cloned fragment was then mapped, resulting in a restriction map of pTPL2A. Southern analysis, using oligo 850, mapped the start of the tpl coding region to the 2.8-kbp EcoRV-PstI fragment. We therefore subcloned this fragment into pBlueScript KS+ to create pJL1. The exact position and orientation of the start of tpl within this fragment were determined using the polymerase chain reaction (PCR) with oligo 850 together with either of two primers that bind to plasmid sequences on opposite sides of the insert. The combination of oligo 850 and the M13 reverse sequencing primer yielded a 400-bp product, whereas no product was obtained from reactions using oligo 850 together with the M13 forward sequencing primer (data not shown). These results indicated that the start of the coding region for TPL was approximately 400 bp upstream of the EcoRV site in pTPL2A and that transcription is toward the EcoRV site.
Sequencingthe tpl gene on both strands was done using the dideoxy chain termination method (Sanger et al., 1977) and Sequenase (US. Biochemicals). In addition to the 2.8-kbp EcoRV-PstI fragment in pJL1, we subcloned the 1.7-kbp EcoRVSalI (pJL2) and the 1.5-kbp PstISalI (pJL3) fragment into pBlueScript KS+. The entire tpl gene was then sequenced using primers that bound to the plasmid or custom primers within the gene.
Isolation and Sequencing of the Active Site Peptide. To a 2-mL solution of the holoenzyme (2.5 mg, 50 nmol of monomeric subunit) in 0.05 M Hepes-HC1 buffer, pH 7.5, containing 20 pM EDTA and 0.20 mM DTT was gradually added a solution of NaB3H4 (140 mCi, 0.95 mg/mL) in dimethylformamide by aliquots of 20 pL in the dark under stirring. After the addition of 100 pL of the NaB3H4solution, the activity of the solution decreased to 12% of that of the holoenzyme, and the solution exhibited the characteristic absorption band of a pyridoxamine at 325 nm. The reduced protein was dialyzed against 10 pM HC1 and lyophilized.
Prior to BrCN cleavage of the protein, the free SH groups of the protein were alkylated by 4-vinylpyridine according to Friedman et al. (1970) . Digestion of the protein by BrCN (50% w/w of monomeric subunit) was performed as described by Titani et al. (1972) . The reaction mixture after dilution with water was lyophilized. Purification of the peptide containing the phosphopyridoxyllysyl residue was performed by a combination of gel filtration and reverse-phase HPLC under various experimental conditions. The PTH derivative of Ne-(phosphopyridoxy1)-lysine was identified by its radioactivity. Sequence determination was performed with a gas-phase sequencer, model 475 A (Applied Biosystems, Foster City, CA). A model 120 A PTH analyzer (Applied Biosystems) was used for on-line PTH detection. The amount of radioactivity released by each cycle of the sequence was determined. The 16 steps of the degradation were clearly identifiable except the fourth stage, which produced the most radioactivity. This step, which did not show an identifiable peak on the sequencer, was presumably the cofactor-labeled lysine residue.
Crystallization. Crystals of C. intermedius TPL apoenzyme were obtained with ammonium sulfate as precipitant under conditions reported earlier (Demidkina et al., 1988) . Vapor diffusion with a pH gradient between the protein drop (pH 7.0) and reservoir (pH 6.0) yielded the best crystals. Before data collection, crystals were kept in a stabilizing solution containing 0.1 M MES-KOH (pH 6.0) with 1 M magnesium sulfate.
X-ray Data Collection. The space group is P21212 with a Table I .
Phase Modification and Structure Refinement. The starting model was a partial structure, 85% complete. The isomorphous phases with a figure of merit 0.66 in the resolution range 12.0-2.7 A described in Antson et al. (1992) were also used. All computations were performed using the CCP4 program package (CCP4,1979) . Initial improvement of the electron density was achieved by combination of phases calculated from the partial atomic model with the isomorphous phases (Rice, 1981) . Rebuilding of the atomic model was performed with the program FRODO (Jones, 1985) running on an Evans and Sutherland ESV series workstation using maps based on combined amplitudes (Stuart & Artymiuk, 1985) and combined phases (Bricogne, 1976; Hendrickson & Lattman, 1970) . For the refinement of the model, restrained least-squares minimization (Hendrickson & Konnert, 1980) was used. The refinement was performed with individual isotropic temperature factors without the use of noncrystallographic symmetry restraints. After the second cycle of phase combination the figure of merit of the combined phases was 0.85 at 2.7-A resolution, and the R-factor for the model to 2.5-A resolution was 24.0% (Table 11) .
At this stage the model was sufficiently good to use the more usual Fourier synthesis based on coefficients (21F01 -exp( iaC) for manual rebuilding sessions. Rebuilding was performed independently for each crystallographically independent subunit. A further five rounds of refinement resulted in a model with an R-factor of 19.9% and an rms deviation between ideal and observed ( 1-2) bond distances of 0.0 17 A.
After inclusion of 450 water molecules per asymmetric unit the R-factor dropped to 17.6%. A further few rounds of refinement gave a model with an R-factor of 16.2% (statistics are given in Table 111 ). In Figure 2 , a representative section of electron density is shown for the 21F01 -lFcl amplitudes and phases from the current model. The coordinates have been deposited with the Brookhaven Protein Data Bank.
For structure comparison, the chicken mitochondrial AspAT coordinates kindly provided by J. Jansonius were used. The AspAT molecule was overlapped with the TPL dimer. Only the main-chain atoms of the @A, BG, BF, BE, and @D strands of the large domain @-sheet of one subunit were used for fitting of the overall molecule, giving an rms deviation of 0.94 A.
Analysis and interpretation of the structure of TPL was performed using the program 0 (Jones et al., 1991) .
Antson et al.
RESULTS
Cloning and Sequencing of Tyrosine Phenol-lyase. Figure  1 shows the nucleotide sequence of a 2 1 00-bp region, including the complete tpl gene. This sequence has been deposited in the GenBank data base. A single open reading frame codes for a 456 amino acid polypeptide. The amino acid sequence of E. coli TRPase (Deeley & Yanofsky, 198 1) is aligned with that of TPL in Figure 5 . There is striking sequence homology between these two enzymes, with 43% of the residues being identical.
TPL is induced by L-tyrosine in Erwinia herbicola (Enei et al., 1973) , C. intermedius (Kumagai et al., 1970a; Demidkina et al., 1984) , and C. freundii (Carman & Levin, 1977) . In E. coli, expression of TRPase is induced by L-tryptophan (Bilezikian et al., 1967; Stewart & Yanofsky, 1985) . Translation of a leader peptide, tnaC, is required for induction of TRPase in E. coli (Stewart & Yanofsky, 1986; Gollnick & Yanofsky, 1990) . We examined the DNA sequence upstream of the start of tpl; however, we found no evidence for a potential leader peptide. This finding suggests that the mechanism of regulation of TPL expression in C. freundii is distinct from that controlling TRPase expression in E. coli. Sequence of the Active Site Peptide. The sequence of the homogeneous radioactive peptide with characteristic fluorescence was SGKXDCLVNIAGGFLC, where X is the step which produced the most radioactivity. Alignment of the sequence of that peptide with the primary structure of TPL deduced from the gene structure (Figure 1 ) indicates that the lysine residue which binds PLP is K257. In the course of isolation of the active site peptide from the BrCN digest of the NaB3H4 reduced holoenzyme, four peptides were also isolated and purified to homogeneity. They were subjected to Edman degradation, and the sequences obtained are in agreement with corresponding parts of the TPL sequence deduced from the gene structure (Figure 1) .
Crystal Structure. A space-filling representation of TPL is shown in Figure 3a . The large domains of all four subunits form a butterfly-like structure in which one pair of wings is rotated around the body by about 90° relative to the other. Small domains surround the central body of the butterfly and restrict possible movement of large domains. The tetramer has dimensions of about 80 X 60 X 105 A. Two crystallographically related subunits form a dimer, as can be seen in Figure 3 b. Two such dimers are related by noncrystallographic axes in the tetramer of TPL. The PLP-binding lysine residue (K257) is located in a cleft formed by residues from the large and small domains of one subunit and the large domain of a crystallographically related subunit. The distance between two NZ(K257) atoms of these two subunits is 26 A.
The main-chain conformational (@,\k) However, K257 lies outside the allowed regions. About 6% of the amino acids have poor electron density, probably due to high mobility in the absence of cofactor. These residues lie in three loops on the surface of the molecule: residues 123-131,384-398, and 442-447 in one subunit and residues 123-133, 384-398, and 442-445 in that related by noncrystallographic symmetry. The assignment of secondary structure to the amino acid sequence is given in Figure 5 . About 34% of the amino acids are in a-helices, 17% in @-strands, and 16% in @-turns. A few regions of @-turns contain 310 helices. One of these, residues 39-43, was previously, on the basis of the preliminary model, classified as a-helix 2 in Antson et al. (1992) . The numbering of the secondary structure elements has been revised, and the structure is here described in new designations.
The sequence of a-helices and @-strands shows that TPL belongs to the a/@class of proteins (Levitt & Chothia, 1976) . Each subunit can be divided into four parts: (1) the N-terminal arms, (2) the small domain, (3) the large domain, and (4) the connecting region between domains.
The small domain includes amino acids 19-48 and 333-456 (34% of the total). A four-stranded antiparallel @-sheet, shown in Figure 6a , forms the heart of the domain. All strands of the @-sheet (labeled in Figure 5 as @A', @B', @C', j3D') are located in the C-terminal part of the small domain. The topology of the @-sheet in Richardson's notation (Richardson, 1977) is +1,+2x,-1, with the crossover being right-handed. The four a-helices of the small domain lie on the solventaccessible sideof thesheet. TheN-terminal part of the domain is connected with the C-terminal by residues 45-47 which form a parallel &bridge, PI, with strand BC' and make an additional H-bond with the@D'strand. Two C-terminal pieces of chain (436440 and 452-456) make an antiparallel twostranded @-ribbon, BII.
The large domain comprises residues 57-310 (56% of the total) and contains a seven-stranded @-sheet, shown in Figure  6b , and nine a-helices. The topology of the @-sheet is +5x,+ lx,-2x,-lx,-lx,-l in Richardson's notation, typical for aminotransferases. The strands of the @-sheet are marked @A, @G, BF, @E, @D, BB, and j3C in Figure 5 . These have directions (+,-,+,+,+,+,+), with all crossovers being right- handed. Helices a2, a3, a5, a6, a7, a8, and a10 are situated on one side of the &sheet and shield it from solvent. Helices a4 and a9 are situated on the opposite, interdomain interface side of the sheet.
The connecting region between the domains is formed by residues 49-56 and 31 1-332. It includes helix a1 1, which is about 35 A long and contains 20 amino acids. In contrast to the structure of AspAT (Jansonius Br Vincent, 1987) , there is no kink apparent in the helix. Nevertheless, the ends of the helix are at an angle of about 25' to one other. The first connecting piece of the chain lies in the cavity between two domains. Helix a1 1 lies on the surface of the subunit.
Intersubunit Contacts. A schematic representation of the molecular architecture is shown in Figure 7 with the crystallographic symmetry axis vertical. The overall symmetry of the molecule is 222. The tetrameric a4 molecule of TPL is to be considered from a strictly crystallographic point of view as (~2 a ' 2 , where the a and a ' subunits are related by noncrystallographic 2-fold axes. The two a subunits are related by a crystallographic 2-fold axis marked Q, as are the two a ' subunits. These pairs of crystallographically related subunits are from now on referred to as dimers. The contact between subunits in the dimer includes two active sites and is discussed further in the next section. The two dimers are related by the noncrystallographic symmetry axes P and R. Intersubunit contacts between dimers include the N-terminal arms and the hydrophobic cluster at the center of the molecule. The N-terminal arms (residues 1-18) of two subunits related by the molecular axis R intertwine and form an antiparallel j3-structure in the contact region. The position of the subunits relative to that contact is stabilized by two other @-strands, formed by amino acids 56-58. Each of these strands is connected with the N-terminal strand of an adjacent subunit, being parallel to it. The resulting four-stranded &sheet, Figure  6c , is made up of two pairs of adjacent parallel strands, the two pairs being antiparallel to one other. Strands of that @sheet are marked as @X and BY in Figure 5 . Residue 11, which resides in the middle of the /3X strand, has conformational angles which are typical for a-helices. That makes a kink in the /3X strand and allows two such strands from adjacent subunits to intertwine. The N-termini are anchored on helix a1 1 from their "own" subunit, making an H-bond between the OH group of Y3 and the OD2 atom of D327.
In the center of the molecule there is an interesting hydrophobic cluster, shown in Figure 8 . It includes residues M56, M64, M65, and W61 from each of the four subunits, comprising 4 Trp and 12 Met residues. Three of these amino acids, W61, M64, and M65, are located on helix a2. The core of the cluster is made up of the four M65 residues, the sulfur atoms of which lie at the corners of a tetrahedron with edges of about 5 A. The next shell of the cluster is composed of the four W6 1 indole rings. In front and behind of the view in Figure 8 the hydrophobic core is surrounded by four helices a 2 which are generally parallel to the axis marked R in Figure  7 . The top and bottom of the hydrophobic cluster are formed by M56 residues. ActiueSite. We were not able to obtain well-ordered crystals of the holoenzyme either by holoenzyme crystallization or by soaking the apoenzyme crystals in PLP-containing solutions. However, the location of the PLP-binding lysine (K257) and the presence of a strong electron density feature close to it, which we ascribe to a free sulfate group, show where PLP is likely to be located in the holoenzyme. As in the structures of the several aminotransferases [full references are given in Fukui et al. (1991) ], the PLP-binding lysine lies in the short loop between the @F and @G strands of the large domain @-sheet. The active site cavity (Figure 9 ) is formed by residues T49, DSO, S51, and G52 from the connecting region; 498, G99, R100, N185, D214, A215, T216, R217, S254, G255, K256, and K257 from the large domain; H343 and R404 from the small domain; and Y71 and E286 from the large domain of the crystallographically related subunit. The sulfate ion, which is likely to be replaced by the phosphate group of PLP in the holoenzyme, makes a number of H-bonds with residues in the active site cleft. H-Bonds are formed between atoms: 0 1 andN(G99),01 andOG(S254),02andN(R100), 0 3 and NE2(Q98), and 0 4 and NZ(K257). The distance between the sulfur atom of sulfate and NZ(K257) is about 4.2 A.
DISCUSSION
It has been proposed that thestereochemistry of the cofactor protonation of PLP-dependent enzymes provides evidence for the evolution of this entire family of enzymes from a common progenitor (Dunathan & Voet, 1974) . Thus, it could be suggested that at least the fold of the PLP-binding domain is repeated in all PLP-dependent enzymes involved in amino acid metabolism, just as the dinucleotide-binding domain fold is repeated in the NAD-dependent dehydrogenases (Rossmann et al., 1974) . However, in thecaseof thevitamin B6-dependent enzymes, two types of fold for the PLP-binding domains have been found. The polypeptide chain fold and subunit architecture in the &-dimer of the a 2 @ 2 molecule of tryptophan synthase (Hyde et al., 1988) are quite different from those found in the aminotransferases (Ford et al., 1980) . The sequence alignment of TPL to different AspAT does not reveal significant sequence homology (23% identity in the case of E. coli AspAT). However, it appears that the folding of the PLP-binding domain of TPL is similar to that of AspAT, as shown in Figure 10 . The small domains of these proteins are not very similar to one other. Nevertheless, one motif in the @-structure topology of the small domain of AspAT, where the N-terminal part is connected with the C-terminal by formation of main-chain H-bonds with two chains of the C-terminal @-sheet , is repeated in TPL (Figure 6a) . A difference is that the @-sheet contains three strands in AspAT, while in TPL there are four strands. The structures of the active sites of both proteins have certain similarities. Not surprisingly, most of the residues of AspAT which bind PLP (Kirsch et al., 1984) are conserved in TPL, as shown in Figure 1 1. Residues K258, D222, and N194 of AspAT which bind the pyridoxal moiety correspond to residues K257, D214, and N 185 in the three-dimensional structure of TPL; residues Y70, G108, and S255 (phosphate-binding site) correspond to Y71, G99, and S254. The main-chain atoms of T109 in AspAT, whose N atom H-bonds to one of the phosphate oxygens, coincide with those of R100 in TPL. Y71 of TPL is placed somewhat further from the active site than the corresponding residue in AspAT, probably because the apo form of TPL is being compared with the holo form of AspAT. These similarities in polypeptide chain folding and in cofactor binding sites suggest that TPL evolved from a common node in an evolutionary tree to the aminotransferases.
Another representative of the family of @-eliminating lyases, TRPase, the three-dimensional structure of which is not yet known, has substantial sequence homology with TPL ( Figure  5 ) (43% identity in the case of E. coli TRPase). All residues suggested above to be responsible for the binding of PLP in TPL are conserved in the sequence of TRPase. The active site lysine of TPL was identified at position K257 (labeled with an asterisk in Figure 1) by reduction with NaBH4, cyanogen bromide cleavage, isolation of the labeled peptide, and Edman sequencing. In TRPase, the active site lysine is K270 (Kagamiyama et al., 1972) , and it is preceded by another lysine, K269. We have found that replacement of K269 by arginine in TRPase results in a significant reduction of activity (Phillips et al., 1991) . Thus, it is interesting that K257 in TPL, which binds PLP, is also preceded by a lysine, K256. On the basis of the data of Kumagai et al. (1975) and Faleev et al. (1988) , the a-proton abstraction in TPL may be performed by a histidine residue. We believe that H343 may be this catalytic base, which was shown to exhibit a pKa of 7.6 (Kiick & Phillips, 1988a) . In TRPase, the corresponding H358 is located in a highly conserved region of the sequence.
From the comparison of the three-dimensional structures of AspAT and TPL, it appears that two arginine residues of TPL, R38 1 and R404, are closest to the position of the R386 of AspAT (Figure 1 l) , the guanidinium group of which binds the a-carboxylategroup of the substrate (Kirsch et al., 1984) . One of these arginines, R404, is conserved in the structure of TRPase (Figure 5 ). R404 resides on the N-terminal end of the @D' strand of the small domain @-sheet, similar to the part in which R386 is located in thestructureofAspAT . Thus, we postulate that R404 is responsible for the a-carboxylate binding.
The chemical mechanisms of TPL and TRPase are very similar (Kiick & Phillips, 1988a,b) . The substrate specificity should be controlled by the interactions of the phenol or indole side chain with a second catalytic base within a hydrophobic pocket. Thus, the substrate selectivity is controlled during the @-elimination step rather than at the stage of substrate binding (Faleev et al., 1988) . Identification of the substrate binding pocket will require studies of a stable amino acid complex. Superimposed C, backbones of the large domains of TPL (thick lines) and chicken mitochondrial AspAT ( A n lines). Some of After our work on the sequence determination was completed, the amino acid sequences of TPL from C. intermedius and C. freundii were independently deduced (Iwamori et al., 1991; Kurusu et al., 1991) . Although the DNA sequences of our gene and these genes differ at 15 positions, the deduced amino acid sequences are identical, In this regard, it is interesting that we have observed several differences in the kinetic behavior of TPL isolated from the two bacteria. For example, the K m for S-(o-nitropheny1)-L-cysteine is 5-fold higher for TPL from C. intermedius (0.5 mM) than that of the C. freundii enzyme (0.1 mM) (N. Faleev and R. Phillips, unpublished results). FIGURE 11: Superposition of the PLP and a-carboxylate binding residues of AspAT (open bonds) with corresponding TPL residues (filled bonds). For AspAT, PLP, and TPL, the sulfates are also shown.
From the comparison of the domain architecture of TPL and AspAT, it follows that the mutual arrangement of domains in each of the two "dimers" of TPL (each including a crystallographic 2-fold axis) is similar to that in the dimeric molecule of AspAT. The TPL dimers are bound through the hydrophobic cluster in the center of the molecule and by two pairs of intertwined N-terminal arms. In fact, the hydrophobic cluster binds together the large domains of all four subunits. The N-terminal arms bind the small domains of noncrystallographically related subunits; such intersubunit contact through @-sheets has been previously observed in the threedimensional structures of retroviral aspartic proteinases [see, e.g., Wlodawer et al. (1989) ]. There, the interpenetration of subunits through the common /3-sheet results in the formation of a stable dimer and is essential for catalysis (Rao et al., 1991) . The mutual connection of the large and small domains of the noncrystallographically related subunits of TPL through the interdimer interface suggests that conformational changes in one dimer might affect the conformation of the related dimer and thus influence the catalytic properties of the enzyme.
The results reported herein lay the groundwork for future investigations on the structure of TPL, including the study of the mechanism of action by inhibitor binding and site-directed mutagenesis.
